Features in the ion emission of Cu, Al, and C plasmas produced by ultrafast laser ablation The bi-modal nature of charge integrated ion kinetic energy distributions, which result from ultrafast laser produced plasmas, is discussed in this paper. A negatively biased Faraday cup was used as a charge collector to measure ion distributions from three different solid targets that had been irradiated with an ultrafast laser in the fluence range 0:1-1 J=cm 2 . A bi-modal time of flight distribution is found for all three targets (C, Al, and Cu). In the case of the metallic targets (Al and Cu), high-and low-kinetic energy peaks exhibit quite different dependencies on laser fluence, whereas for the semi-metallic target (C), both peaks scale similarly with ultrafast laser fluence. The results are discussed within the framework of a one dimensional capacitor model resulting in ion acceleration. V C 2015 AIP Publishing LLC. [http://dx
Features in the ion emission of Cu, Al, and C plasmas produced by ultrafast laser ablation
I. INTRODUCTION
The removal of mass from a solid target using a laser, known as laser ablation, is a technique that is almost as old as the laser itself. The invention of the pulsed, high powered laser heralded the arrival of the field of laser produced plasmas (LPPs) as it is today. 1 In early experiments, LPPs were formed with lasers whose pulse duration was typically microseconds or nanoseconds in duration. The advent of chirped pulse amplification 2 allowed for the generation of moderately intense laser pulses whose duration was on the order of tens of femtoseconds. This was a revolutionary step in the formation of LPPs. Regardless of the choice of laser, or target, the first interaction between the laser and the target is with the electrons. The laser imparts energy to the electrons through some absorption process (for nanosecond lasers, this tends to be inverse bremsstrahlung, and for femtosecond lasers, this tends to be multiphoton ionization). The electrons then transfer this energy to the target lattice. The time it takes for this to occur is typically tens of picoseconds for most metals. 3 This is one reason that the invention of lasers with ultrashort pulse durations was a revolutionary step in the formation of LPPs. In the long pulse laser case, the laser field is still present as the electrons transfer energy to the target lattice. In the ultrashort laser case, the laser field terminates long before the energy transfer occurs. Knowledge of the ion energy distribution of laser produced plasmas is important should the plasma be used in various industrial and academic applications such as pulsed laser deposition, 4 laser induced breakdown spectroscopy, 5 laser assisted mass spectrometry, 6 ion implantation, 7 and light source generation. 8 Given the fall in cost of ultrafast lasers, along with the fact that they couple more efficiently to the target, further growth in the use of ultrafast laser ablation based applications can be expected, and so an increasingly deeper understanding of all apposite aspects will be required including the ion energy.
The formation of plasmas with non-Maxwellian distributions is indicative of non-thermal components within the plasma. Early experiments and theoretical efforts ascribed the deviation from Maxwellian behaviour to the formation of a space charge within the plasma. LPPs formed with a long pulse laser have been observed with non-Maxwellian distributions since the 1970s. 9 Various mechanisms have been proposed to explain this observation including the formation of double layers through, possibly, hot electrons generated by three body recombination. 10 The non-Maxwellian distribution sometimes manifested itself as a double peaked structure in the ion time of flight signal. Other experiments noticed that a double peaked structure was predominantly observed in high Z targets for the long pulse laser case. Thus, the double peaked structure was attributed to acceleration of highly charged components. 11 By contrast, in the case of ultrafast laser ablation, the formation of a non-thermal component seems intrinsic to the whole process because the electrons in the skin layer are heated and ionized before any thermalization can occur. Indeed, a double peaked structure in the time of flight signal was observed in initial experiments in ultrafast laser ablation. 12 A comparison of ultrafast and nanosecond laser ablation at similar fluences to the work presented in this article showed that in aluminium, the plume produced by nanosecond ablation showed a Maxwellian distribution, while the plume formed by ultrafast laser ablation contained a nonMaxwellian component and a Maxwellian component. 13 The fluence dependence of these two components was studied, and it was found that the Maxwellian component has a sublinear dependence on fluence, while the non-Maxwellian component has a super-linear dependence. The Maxwellian component was also found to be of a lower kinetic energy than the non-Maxwellian component. Thus, the Maxwellian component is attributed to thermal ionization, whereas the a) Electronic mail: thomas.kelly9@mail.dcu.ie 1070-664X/2015/22(12)/123112/7/$30.00
V C 2015 AIP Publishing LLC 22, 123112-1 non-Maxwellian component is attributed to space charge effects within the plume. 12, 14 The exact nature of the formation of the non-Maxwellian peak is somewhat under debate. For example, some theoretical and experimental studies suggest electrostatic removal of ions as a possible explanation for the non-Maxwellian peak. 13 In other studies, it is suggested that perhaps the rising edge of the laser pulse creates a nascent vapour, which is then heated by the back edge of the laser pulse creating a fast electron component. 12 These electrons then accelerate a fraction of ions in the plume. Other studies attribute the fast peak to light contaminants on the target surface. 15 A recent, comprehensive study used a multi-diagnostic technique to unambiguously clarify the existence of a fast ion component from the bulk plasma, and the results were explained in relation to ambi-polar diffusion, similar to the interpretation in this article. 16, 17 In this article, we report on the results of an experiment where the time of flight signals resulting from ultrafast laser ablation of three different solid targets were measured. The results are then interpreted as being due to acceleration of a small component of the thermal plume. Scaling laws are derived to explain how the kinetic energy and relative ion yield change with fluence and target choice. The article is arranged as follows: In Section II, the experiment is described; in Section III, the case of copper ablation is studied in detail and a theoretical model is described to help explain the data. This is then used to explain the observations from ablation of aluminium and carbon targets.
II. EXPERIMENTAL
The experimental system used in this work is shown in Figure 1 .
A Ti:Sapphire laser system was used to create a laser produced plasma from three different targets: copper, aluminium, and carbon. It comprised a Kerr lens mode-locked Ti:Sapphire oscillator (Coherent Micra 5) used to seed a regenerative amplifier (Coherent Legend Elite). The laser was operated at its fundamental wavelength of 800 nm, which was monitored periodically throughout the experiment by means of an optical spectrometer. The laser pulse width at the output of the laser was measured by means of a second order autocorrelator to be 34 fs, and this was also monitored periodically throughout the experiment. The total additional pulse broadening through various optical elements was measured to be 36 fs giving a final pulse width of 70 fs. This is still far below the ion electron coupling time for the targets used. Ions from the three targets were collected by means of a home built Faraday cup that was placed 4 cm from the target. The collector of the Faraday cup was a further 2 cm from the entrance aperture to give an effective distance of 6 cm. Plasma ions were measured at laser fluences ranging from 0:1 to 1 J=cm 2 , which was controlled with a pulsewidth preserving laser attenuator. The spot size was estimated to be 6 Â 10 À4 cm 2 60:2 Â 10 À4 cm 2 by measuring the burn pattern on a fresh silicon surface following multiple laser shots as a function of fluence and determining the spot size (x o ) on a semi-log plot. 18 The peak and average fluences are then given by F peak ¼ E=x o and F avg ¼ 0:5F peak , respectively (for an assumed Gaussian beam shape), where E is the laser pulse energy. The ion signal was read out through a Koopman circuit 19 and was stored on a fast oscilloscope. A shot to shot analysis revealed that the initial few shots (10 or so) on the target resulted in a time of flight signal that contained multiple peaks and varied hugely from shot to shot. After 10 or so shots on the same spot, a bi-modal structure appeared, which was stable for 100s of laser shots. This was the same for all targets. Thus, all experiments reported here are for an average of 16 laser shots after the target had been cleaned with 10 laser shots. A trigger-wait function allowed for 10 shots to be fired on the target before the oscilloscope started recording. The oscilloscope was triggered by means of a photodiode in the beamline. A typical ion trace measured by the experiment is shown in Figure 2 . The experiment was housed in a vacuum chamber and evacuated to a pressure of 1 Â 10 À5 mbar by means of a turbomolecular pump.
FIG. 1. Schematic of the experimental setup. The target (T) is housed in a vacuum chamber, which is evacuated by a turbo molecular pump (TMP).
The Faraday cup (FC) is placed 6 cm away, and the signal is read out using a biasing circuit, displayed on an oscilloscope, and finally stored on a computer. Laser light leakage from the final routing mirror is used to trigger a photodiode to give the experimental time zero. The spectrum and autocorrelation of the pulse are measured periodically through leakage from other routing mirrors. The bi-modal structure has been seen in many laser experiments before and has been attributed to different mechanisms. For instance, the high kinetic energy peak has been attributed to accelerated ions, 12 low mass impurities, 15 and supra-thermal ion emission. 13 In our experiment, we observe that the bi-modal structure appears in all targets after the surface has been cleaned with ten laser shots. The high kinetic energy peak survives for 100 s of laser shots and, in fact, after a few hundred laser shots, the signal begins to die away. The decay of the fast peak was found to be in relative proportion to the decay of the slow peak. The signal was parameterized using the copper target as this gave the clearest bi-modal structure.
III. RESULTS AND DISCUSSION

A. Characterization of ion signal
The ion emission from a copper target was used to parametrize the data in a way that could be used to develop a physical model of the experiment. Figure 3 shows the Faraday cup signal from a copper target at different laser fluences.
From the data, there are two distinct features in the ion signal. First, a fast ion peak that grows with increasing laser fluence is present followed by a broader, slower peak that also grows in intensity with increasing laser fluence. The fast peak was best characterized by fitting it to a Gaussian distribution of the form f ðtÞ ¼ Ae
The slow peak was best described by a shifted Maxwell-Boltzmann (SMB) distribution. This indicates that the fast peak is non thermal in nature, while the slow peak is a thermal component. This observation is in line with previous ultrafast laser ablation experiments.
The total signal was fit to a model function of the form
The value of n is typically either n ¼ 3 or n ¼ 4 with the case of n ¼ 3 referring to a SMB distribution, 20 which describes a one dimensionally expanding laser plasma plume. The case of n ¼ 4 usually describes a high density plasma, which includes the formation of a Kundsen Layer. 21 In this experiment, it was found that the best fit occurred with n ¼ 3. This indicates that the plasma plume is of low density and can be described as a one dimensional expansion. Previous studies on the angular distributions of ions from plasmas produced by ultrafast laser ablation have shown a very narrow angular spread compared to the dimensions of the experiment. 15, 22 Thus, the assumption of 1-D expansion is probably valid.
The value of L was set equal to the target-cup distance and kept fixed in the fitting routine. The fitted parameter, t o , was used to determine the arrival time of the fast peak and was thus used in calculating the kinetic energy of the fast peak. This parameter's behaviour with fluence and target is discussed in Figure 9 .
mass of target chosen. The integrated current derived from the fits to each plasma component is used to give the relative contribution to the total signal from both the fast and slow components. Figure 4 shows how the yield of each component changes with laser fluence.
The slow component shows a sub-linear dependence on fluence, whereas the fast component shows a super-linear dependence. This indicates that the slow component is produced by thermal means. Previous reports have shown that the solution to the two temperature model predicts that the thermal component of a plasma plume produced by ultrafast laser ablation should have two separate sub-linear dependencies on fluence depending on whether or not the laser fluence exceeds the ablation threshold: defined as the fluence at which the laser heats the electrons in the skin layer to a temperature exactly equal to the Fermi energy. The super-linear dependence of the fast peak has been reported before, many times. 12 As mentioned in the Introduction, there are a number of possibilities as to the nature of the fast peak. First, the possibility of low-Z contaminants is ruled out as previously discussed in the experimental section. Similarly, the possibility of the rising edge of the laser pulse creating a nascent vapour and ionizing this to give an accelerated component is discounted as only a small fraction of the 70fs laser pulse would be available to interact with any nascent vapour. Thus, it is concluded that the most likely explanation for the appearance of the fast peak is acceleration due to a space charge effect in the plasma.
B. Aluminium and carbon
Measurements were also made on an aluminium target under the same conditions as the copper target. The time of flight results are shown in Figure 5 .
The data show a small shoulder on the high kinetic energy side of the time of flight signal. Any attempt to fit the data to a Maxwellian only distribution resulted in a poor fit or unphysical fitting parameters. To accurately model the 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 150.237.201.134 On: Thu, 14 Jul data, a high kinetic energy non-Maxwellian component was needed. Thus, the data were fit to the same distribution as in Eq. (1). The fast and slow peak yield is plotted in Figure 6 . Much like the copper data, the low kinetic energy peak appears to have a sub-linear dependence with fluence indicating a thermal plasma component. On the other hand, the fast peak behaves linearly with fluence. The time of flight signal for carbon, measured under the same conditions, is shown in Figure 7 .
In Figure 7 , there is no obvious "second peak" as it were. However, any attempt to fit the data to a Maxwellian distribution only resulted in non physical fitting parameters in all cases except for the lowest fluence. When a high kinetic energy, non Maxwellian component was included in the fit, like the copper and aluminium data, the data were fitted well. The fluence dependence of the yield of fast and slow components, which resulted from the fit, is shown in Figure 8 .
IV. DISCUSSION
Before discussing the results in detail, it might be helpful to draw together some observations from Section III.
1. All targets show evidence of a non-Maxwellian (fast peak) component in the ion velocity distribution and a Maxwellian (slow peak) component. 2. The temporal separation of the two peaks grows with atomic mass. 3. The yield ratio of fast peak ions to slow peak ions is very small in Al and Cu (0.2), whereas for C the ratio is quite high (0.7). 4. The kinetic energy of the fast peak grows with laser fluence as does the temperature of the Maxwellian component. The kinetic energy of the fast peak also varies with target choice, whereas the temperature of the Maxwellian component is %1-2 eV for all targets over the fluence range studied. Figure 9 shows the kinetic energy of the fast peak for all targets. 5. For all targets, the slow peak grows sub-linearly with laser fluence. The fast peak fluence dependence transitions from super-linear to sub-linear as the atomic mass decreases.
The data are modeled as follows. 23, 24 The laser penetrates into the target to some depth given by
where x is the laser frequency, c is the speed of light, and k is the extinction co-efficient of the material under consideration. The electrons within a volume equal to the product of the laser spot size and the penetration depth absorb energy from the laser through multiphoton ionization. The electrons gain energy in excess of the Fermi energy and escape from the target. Their escape kinetic energy is found as follows. A one dimensional heat equation describes the electron heating process
where C e is the electron specific heat capacity, n e is the electron number density, T e is the electron temperature (expressed in energy), and Q is the laser source term with Q ¼ AI o e À2x=d , where A is the absorption co-efficient, I o is the laser intensity, and d is the penetration depth. At low temperatures, the electron specific heat is given by C e ¼ p 2 T e =2 F . 23 For high temperatures, the specific heat approaches that of an ideal gas and has a constant value C e ¼ 3 2 . We treat the electrons as being in conditions close to an ideal gas because they are heated almost instantaneously, and the density does not change during the laser pulse. Thus, the solution for the electron temperature is found by integrating Eq. (3) over time
For most metals (such as copper and aluminium), the absorption coefficient is much less than one and the ratio A=d is constant. Thus, the electron temperature in the skin layer is inversely proportional to the number density of electrons. It can thus be inferred that a lower number density of electrons will result in a higher electron temperature in the skin layer. This is qualitatively similar to saying that a lower number density of electrons results in a lower Fermi energy for a metallic solid. The electrons will then escape from the target with a kinetic energy given by Eq. (5)
Substituting in values for the aluminium and copper targets gives fast electrons with kinetic energies of 34 eV (copper) and 13 eV (aluminium). This gives escape velocities of 7:8 Â 10 5 m=s and 3 Â 10 5 m=s, respectively. A mechanism that can explain the data is the development of a time dependent electric field arising from the separation of the fast electrons and a positively charged thermal ion component. In this 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 150.237.201.134 On: Thu, 14 Jul scenario, the laser penetrates into the target, heating electrons to a temperature described by Eq. (4). The heated electrons in the skin layer mean that the lattice is out of thermal equilibrium. After the laser pulse, the electrons begin transferring energy to the lattice such that the electron and ion temperatures equalize. If the energy of the electrons is greater than the Fermi energy, they will escape from the target, and if the energy of the ions is greater than the binding energy, a thermal plume will be created. The drift speed of the electrons will be much higher than the ions due to their respective inertia, and so a space charge separation occurs. This space charge effect causes a time dependent ambipolar electric field to develop between the electrons and the ions. This field will perform work on both the ions and electrons with the effect of speeding the ions up and slowing the electrons down until their speeds are equal. The overall effect of this is that the ions gain kinetic energy, and it is this process that is the most likely explanation for the fast ion peak present in Figures 3, 5 , and 7. At this point, the plasma plume consists of two parts: A low kinetic energy, quasi-neutral thermal component, and a high kinetic energy structure that contains fast electrons and accelerated ions. This model explains qualitatively the trends seen in aluminium and copper. The kinetic energy gained by the ions can be estimated by treating the fast electron and accelerated ion component as two plates of a capacitor as has previously been used to good effect. 12, 16 The size of the plates, S, is estimated as the laser spot size, and the charge density of each capacitor plate can be written as r o ¼ qN e =S, where N e is the number of charged particles on the plate (i.e., number of fast electrons or number of accelerated ions assuming a singly ionized target). The electric field between these two "plates" is given by E ¼ r o = ¼ qN e =S, where is the dielectric constant. The gain in kinetic energy of the ions is found by the work-energy theorem to be
which gives
It can be seen from Eq. (7) that the gain in kinetic energy will be proportional to the Debye length, k d , which is the spatial separation between the accelerated ions and fast electrons. The value of N e is estimated experimentally from the total integrated ion signal and found to be $6 Â 10 10 for both aluminium and copper. The debye length is found from
pe q . As seen before, the electron kinetic energy KE e is inversely proportional to the electron density and proportional to the electron temperature (which itself is proportional to the laser intensity), and so it can be assumed that k d / n À1 e and k d / I 1=2 , where I is the laser intensity. Thus, it can be concluded that the kinetic energy gained by the ions should grow with laser intensity and be inversely proportional to the kinetic energy of the escaping electrons. Thus, it is expected that the copper ions will gain more energy than aluminium, which is supported in Figure 9 .
The discussion has thus far deliberately only focused on aluminium and copper. The fast peak in carbon is found to be consistently and significantly lower in energy than aluminium and copper. This is explained by the fact that while aluminum and copper are metals, carbon is a semi-metal and as such has negligible density of states at the Fermi level. Thus, in order to remove electrons from carbon, extra energy must be added to first promote the electrons to the conduction band. This energy is roughly equivalent to the ionization potential of carbon. Thus, the carbon data are qualitatively explained by saying that the fast electrons have much less kinetic energy when they escape from the target because extra energy is required to create free carriers. Finally, the relative yield is much higher for carbon than for aluminium and copper. This is explained by the fact that the skin depth is much larger for carbon due to the much smaller extinction ratio at the laser wavelength. Thus, the laser penetrates more deeply into the target, and so more electrons participate in the acceleration process.
The fast ion yields are shown to be super-linear for aluminium and copper yet sub-linear for carbon. One possible explanation for this is that the fast electron yield should have a super-linear dependence on fluence as the dominant heat absorption process in the skin layer is multi-photon ionization. Thus, if one ion is accelerated for every one electron, the ion signal should be non-linear too. However, if the ions are accelerated from a thermal component, which has a sublinear dependence on fluence, then the fast ion yield should grow in fluence with some exponent, which is some blend of both the sub and super-linear processes. Intuitively, one would expect that the greater the kinetic energy gained by the ions, the more the super-linear process should dominate the exponent. This perhaps qualitatively explains the correlation between fast electron kinetic energy and the value of the exponent in the fluence behaviour of the targets, which is seen in the experiment.
V. CONCLUSIONS
Ion measurements were made on three solid targets ablated with an ultrafast laser using a Faraday cup. The three targets were aluminium, copper, and carbon. In all three cases, a bi-modal ion kinetic energy structure was observed. It is proposed that this arises due to ion acceleration from a space charge layer within the plasma. Qualitative relative dependencies of the fast ion kinetic energy and yield ratio are found to be in agreement with the observed data.
